We investigate dissociative double ionization of acetylene, one of the smallest organic molecules yet with a rich electronic structure, in strong laser fields by measuring two fragment ions and two electrons in coincidence. The two-body fragmentation channels are dominated by the removal of electrons from the lower-lying molecular orbitals rather than from the highest occupied one. The electron localization-assisted enhanced ionization mechanism plays a central role for the strong-field deprotonation ionization of acetylene by releasing the second electron from the up-field potential well of the hydrogen site at the internuclear distance near twice the equilibrium value of the C-H bond. DOI: 10.1103/PhysRevLett.112.243001 PACS numbers: 33.80.Rv, 34.80.Ht, 42.50.Hz, 42.65.Re Correlated ultrafast electron-nuclear motion [1-4] is one of the most fundamental and fascinating phenomena of a molecule irradiated by photons. On the one hand, instantaneous removal of electrons from a molecule alters the potential between the nuclei and initiates the nuclear motion, resulting in molecular structure changes, bond breakage, and chemical reaction. On the other hand, the nuclear motion rearranges the distribution of the remaining electrons and hence remodels their response to the light. It is therefore a key ingredient to understand and control the complex photoinduced dynamics of molecules.
Correlated ultrafast electron-nuclear motion [1] [2] [3] [4] is one of the most fundamental and fascinating phenomena of a molecule irradiated by photons. On the one hand, instantaneous removal of electrons from a molecule alters the potential between the nuclei and initiates the nuclear motion, resulting in molecular structure changes, bond breakage, and chemical reaction. On the other hand, the nuclear motion rearranges the distribution of the remaining electrons and hence remodels their response to the light. It is therefore a key ingredient to understand and control the complex photoinduced dynamics of molecules.
As one of the most prominent manifestations of electronnuclear dynamics in strong laser fields, a molecule experiences a significantly enhanced ionization rate if the molecular axis is parallel to the field vector [5] [6] [7] [8] [9] [10] [11] [12] . This electron localization-assisted enhanced ionization mechanism is generally found in strong-field multielectron ionization of diatomic [7] [8] [9] [10] [11] [12] and triatomic molecules [13, 14] . The vast majority of molecules, however, are polyatomic (e.g., hydrocarbon) molecules. Interestingly, it was recently numerically demonstrated [15, 16] that the enhanced ionization mechanism plays an important role in deprotonation ionization of the smallest linear hydrocarbon molecule of acetylene (C 2 H 2 ). The model correctly predicts the observed all-at-once ejection of high-energy protons in strong-field multielectron ionization of small hydrocarbon molecules [17, 18] . However, the cornerstone of the electron localization-assisted enhanced ionization scenario in the deprotonation ionization of the hydrocarbon molecule has not yet been verified experimentally, i.e., that the localized electron is indeed released from the up-field potential well and the critical dependence on the internuclear distance [8, 19, 20] .
In this Letter, we study the interplay of the electronnuclear dynamics of small hydrocarbon molecules in strong laser fields using dissociative double ionization of acetylene as a prototype. By measuring two fragment ions and two electrons ejected from a doubly ionized acetylene molecule in coincidence, we show that the two-body fragmentation channels are dominated by the removal of electrons from the lower-lying molecular orbitals rather than from the highest occupied one. Remarkably, our results verify the important role of the electron localization-assisted enhanced ionization in the strong-field deprotonation ionization of acetylene.
The measurements were performed in a standard reaction microscope of cold target recoil ion momentum spectroscopy [21, 22] as schematically illustrated in Fig. 1 . We focused elliptically polarized femtosecond laser pulses (25 fs, 790 nm, 10 kHz) produced from a multipass amplifier Ti:sapphire laser system onto a supersonic gas jet by a concave reflection mirror (ƒ ¼ 7.5 cm) inside the apparatus. The peak intensity and ellipticity of the laser pulse were measured to be I 0 ¼ 2 × 10 14 W=cm 2 and ε ¼ 0.56. The major and minor polarization axes of the laser pulse are along the y and z axes, respectively. The laser field (yellow helix) rotated clockwise from þz to þy in the y-z (polarization) plane and propagated along the −x axis after the focusing mirror. The molecular jet propagating along the y axis was produced by coexpanding a mixture of 5% C 2 H 2 and 95% He through a 30 μm nozzle with a driving pressure of 2 bar. We estimated the jet density of ∼1.5 × 10 7 cm −3 for C 2 H 2 in the interaction region. By measuring the momentum distribution of C 2 H 2 þ along the jet direction Δp y ¼ 4.1 a:u: we estimated the translational temperature of our jet T trans ¼ Δp
Here, k B and m are the Boltzmann constant and mass of the singly ionized acetylene, respectively. By suppressing the electron recollision processes [24, 25] , our elliptically polarized laser pulse sequentially removed electrons from a molecule, allowing us to study each individual ionization step. The ions and electrons ejected from an exploding molecule were detected in coincidence by two time-and position-sensitive microchannel plate detectors [26] at the opposite ends of the spectrometer.
In a close-to-circularly polarized laser pulse, the direction and intensity of the laser field at the instant of ionization are encoded in the measured momentum of the ejected electron in the polarization plane [27, 28] . We therefore restrict our data analysis and discussion to such electrons ejected in the polarization plane (jθ xe − 90°j < 30°). Here, θ xe and θ xmol are the polar angles of the ejected electrons and fragment ions with respect to the x axis, respectively. As illustrated in the insets of Fig. 1 , the participation of the (i) σ or (ii) π orbitals is correlated to the fragment ions ejected (i) in (jθ xmol − 90°j < 30°) or (ii) perpendicular (jθ xmol j < 30°or jθ xmol − 180°j < 30°) to the polarization plane, respectively. We assume that the excitation of the bending mode and the geometric rotation of the molecule are insignificant during the ultrafast ionization and fragmentation in ultrashort laser pulses [29] . This is supported by the observed correlated narrow angular distributions of the fragment ions in our experiment (see Supplemental Material [30] ). Since both the electrons and fragment ions lie in the laser polarization plane for the ionization of the σ orbital, the molecular-frame photoelectron angular distribution (MFPAD) (ϕ mol e ) [33] and momentum distribution (p As schematically shown in the insets of Fig. 1 , for acetylene, the electron density of the highest occupied molecular orbital (HOMO) (1π u ) distributes perpendicularly to the molecular axis, whereas that of the HOMO-1 (3σ g ) orbital distributes in both the C-C and C-H bonds and that of the HOMO-2 (2σ u ) orbital in the C-H bond along the molecular axis. For the equilibrium geometry of acetylene (R CC ∼ 2.2 and R CH ∼ 2 a:u:), the binding energies of the HOMO, HOMO-1, and HOMO-2 orbitals are 11.4, 16.6, and 18.8 eV [16] , respectively. The double ionization is dominated by the removal of two electrons from the weakly bound HOMO which mostly populates the ground state of the dication. It results in the here-observed ratios of 87% for the nondissociative C 2 H 2 2þ and 13% for the total yield of the two-body fragmentation channels. As we will show in the following, the fragmentation channels are governed by the removal of electrons from the HOMO-1 or HOMO-2; nevertheless, the removal of electrons from the HOMO also participates. In our experiment, the double ionization
] dissociation channels are all observed, whose branching ratios to the total two-body fragmentation yield are 58%, 19%, and 23%, respectively. We start with the (H þ ,C 2 H þ ) channel accompanied by the C-H bond breakage. Figures 2(a) and 2(b) show the momentum distributions of the emitted two electrons correlated to the fragment ions ejected (i) in and (ii) perpendicular to the polarization plane, respectively, corresponding to the dominance of the (i) σ and (ii) π symmetric orbitals. The relative contribution of the removal of two π symmetric HOMO electrons [case (ii) as shown in Fig. 2(b) ] as compared to that dominated by the σ orbitals [case (i) as shown in Fig. 2(a) ] is indicated by their yield ratio (∼4.8 AE 0.1%) as presented in Fig. 2(c) . The small contribution of the case (ii) in producing the (H þ , C 2 H þ ) channel is consistent with the fact that the removal of two HOMO electrons mainly leads to the nondissociative C 2 H 2 2þ . In the following, we will focus on the case (i), in which the dominant σ orbital can be the HOMO-1 or HOMO-2 since they together make the C-H bond [see inset (i) of Fig. 1 ] [16] . Although the HOMO electron is preferred to be freed when the acetylene is oriented orthogonally to the field direction, as shown in Ref. [16] , the HOMO still shows a much higher ionization probability as compared to the HOMO-1 and HOMO-2 at the equilibrium internuclear distance when the acetylene is oriented parallel to the field direction. This is due to the low binding energy of the HOMO. For case (i), the first electron is most likely to be removed from the HOMO at the equilibrium internuclear distance, and then the second electron from the HOMO-1 or HOMO-2 at a stretched internuclear distance. The removal of one electron from the HOMO is symmetric with respect to the laser field direction and molecular orientation during the first ionization stage. The asymmetric MFPAD shown in Fig. 2(d) must originate from the second ionization step, which is favored when the laser field points to the hydrogen site. It is opposite to the prediction of the molecular Ammosov-Delone-Krainov theory [34, 35] (the electron density shifts to the hydrogen site in the C-H bond), but agrees with the scenario of electron localization-assisted enhanced ionization [8, 19, 20] . As illustrated in Fig. 1 , the electron (blue ball) released by laser field along AEy ends with momentum along AEz (blue arrow) after the clockwise rotating laser FIG. 1 (color online) . Schematic diagram of the experimental apparatus. The insets schematically illustrate that (i) both the molecular axis of the acetylene and the freed electrons (blue donut) lie in the polarization plane for the dominance of the σ orbitals, whereas (ii) the acetylene is oriented perpendicular to the polarization plane for the dominance of the π orbital.
pulse. The divergence of the maxima in MFPAD from AE90°[ see Fig. 2(d) ] indicates the attractive Coulomb potential effect [36] of the ionic core on the escaping electrons.
In addition to the MFPAD, as shown in Figs. 2(e) and 2(f), the laser field direction dependence of the second ionization stage can be directly observed in the laboratory frame by inspecting the momenta of the two freed electrons along z, i.e., pz e1 vs pz e2 , when the ejection direction of the H þ is gated to þy or −y. The distributions in the second and fourth quadrants of Figs. 2(e) and 2(f) stand for the removal of two electrons by laser fields pointing to opposite directions along the y axis. The first and third quadrants are registered when both electrons are released by laser fields pointing to þy and −y, respectively. Interestingly, for H þ departing to þy as shown in Fig. 2(e) [or −y as shown in Fig. 2(f) ], there are more (or less) electrons distributed in the first quadrant than the third quadrant with a count ratio of 1.4 AE 0.06 (or 0.66 AE 0.03). It indicates that the second electron is favored to be freed by laser field pointing to hydrogen for the (H þ , C 2 H þ ) channel, which agrees with the observed asymmetric MFPAD as shown in Fig. 2(d) .
Because of momentum conservation of the ejected electrons and ions, the laser field direction along the y axis at the ionization moment is encoded in the sum momentum of correlated fragment ions along the z axis, i.e., pz sum ¼ −pz e1 − pz e2 . By merely detecting two fragment ions, the statistical significance of the data is increased and the possible ambiguity due to the dead time in two electron detection is avoided. As displayed in Fig. 3(a) , the enhancement in rate at þpz sum (or −pz sum ) when H þ departs to −y (or þy) corresponds to the favored electron distribution in the first (or third) quadrant of Fig. 2(e) [or Fig. 2(f) ]. To get a more detailed insight in the dependence of the second electron emission on the laser field direction, we numerically fitted the momentum distribution of pz sum with the convolution of the two sequentially released electrons [20] . Figure 3(b) shows a clear dependence of the asymmetry β ¼ ðA e2;Hþ − A e2;C2Hþ Þ=ðA e2;Hþ þ A e2;C2Hþ Þ (blue solid squares) on the kinetic energy release (KER) of fragment ions. Here, A e2;Hþ and A e2;C2Hþ are the releasing probabilities of the second electron by the laser field pointing to H þ or C 2 H þ , respectively. It indicates the dependence of the asymmetry parameter β on the C-H distance at the second ionization stage (higher KER corresponds to a shorter C-H distance). As shown in Fig. 3(b) , the value of β increases first and then decreases with a maximum around KER ∼4.2 eV. To estimate the internuclear distance with the KER, i.e., KER∼1=½R CH þ0.5ðR CC þR CH Þ, we assume a Coulomb explosion between the point charges at the proton and the center of the H-C-C bonds. This approximation is justified at the large distance of R CH where the potential energy curve of the 3 Π u state [37] accessed by removing one HOMO electron and one HOMO-2 electron for the (H þ , C 2 H þ ) channel is very close to the Coulombic potential. By assuming the equilibrium internuclear distance of R CC ∼ 2.2 a:u:, we estimate R CH ∼ 3.6 a:u:for the KER of 4.2 eV. It is comparable to the values obtained in recent numerical calculations [15, 16] . The large error bars in Fig. 3(b) at high KERs are due to the decreased yield of the (H þ , C 2 H þ ) channel in this KER range [see the KER spectrum in the inset of Fig. 3(a) ]. Without the mechanism of electron localization, the ionization probabilities of both the HOMO-1 and HOMO-2 orbitals decrease at short R CH owing to the increased binding energies [16] , where a high laser intensity is responsible for the ionization. As shown in Fig. 3(b) , the required high laser intensity at the ionization increases the final momentum (red open squares) of the electron gained from the rotating laser field.
By observing the unique properties of the laser field direction and internuclear distance dependences of the removal of the second electron, our results experimentally verify the central role of electron localization-assisted enhanced ionization in strong-field deprotonation ionization of acetylene. We now turn to the (CH þ , CH þ ) channel accompanied by the C-C bond breakage. As shown in Fig. 4(a) , there are two distinct KER distributions labeled as high and low KERs separated around 5.5 eV. It indicates the removal of electrons at different internuclear distances of R CC or dissociation from different states of the dication with different excess energies available for the fragment ions. The separation between the two KER peaks does not depend on the photon energy of the employed laser pulse (see Supplemental Material [30] ). Interestingly, as shown in the inset of Fig. 4(a) , the relative yield of the high KERs increases as compared to the low KERs when the laser intensity increases. It is consistent with the observed relative contribution of the π orbital as compared to the dominant σ orbital for the high and low KERs. As presented in Fig. 2(c) , the negligible contribution (∼0.38 AE 0.06%) of the π orbital at high KERs indicates that the high KER region is governed by the electron removal from the tightly bound σ orbital, whose ionization possibility increases as the increasing laser intensity. On the other hand, as shown in Fig. 2(c) , although there is a small contribution (∼1.7 AE 0.1%) of the removal of two electrons from the π symmetric HOMO for the (CH þ , CH þ ) channel at low KERs, the lower-lying σ orbital nevertheless dominates the production of low KER ions. As compared to the nonsequential double ionization by low-intensity few-cycle laser pulse [38] , the (CH þ , CH þ ) channel is preferred to emit ions along the field direction in our 25 fs laser pulse at an intensity higher than 1 × 10 14 W=cm 2 (see Supplemental Material [30] ).
Interestingly, as an indicator of intramolecular proton migration from one C atom to the other, we observed a considerable yield of the (C þ , CH 2 þ ) channel. For its significance in understanding the chemical and biological processes [39] , the photoisomerization of acetylene has been the subject of numerous experimental [37, [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] and theoretical [50] [51] [52] [53] studies. As compared to the excitation by extreme ultraviolet pulses [40] , where the isomerization mainly occurs on the cation state (indicated by the yielded high KERs peaked at 5.8 eV), our intense near-infrared laser pulse initiates the isomerization on the C 2 H 2 2þ dication state [42, 45] , resulting in KERs mainly below 5.0 eV [see Fig. 4(b) ]. It, for instance, populates the excited 1 3 Π state of the C 2 H 2 2þ dication where the isomerization can proceed rapidly [40, 42] . Although it differs from the isomerization excited by synchrotron radiation [46] [47] [48] [49] , we observed an ∼8 AE 0.3% contribution of the removal of two HOMO electrons for the (C þ , CH 2 þ ) channel as compared to that governed by the σ orbital [see Fig. 2(c) ] in our nearinfrared laser pulse. As compared to the ( Fig. 4(c) ], the more isotropic MFPAD of the (C þ , CH 2 þ ) channel [ Fig. 4(d) ] could indicate a slight rotation (20°) or vibrational excitation of the molecule during the intramolecular proton migration [46] before the C-C bond breakage. It is consistent with the observed relatively broader angular distribution of the fragment ions for the (
In summary, by measuring two fragment ions and two electrons in coincidence, we have experimentally investigated the strong-field dissociative double ionization of acetylene. Our results on the one hand demonstrate that the two-body fragmentation channels are governed by the removal of electrons from the lower-lying molecular orbitals; on the other hand, they experimentally verify the central role of the electron localization-assisted enhanced ionization mechanism in the strong-field deprotonation ionization of acetylene. Our present work will shed some light on the understanding and controlling of the rich electron-nuclear dynamics of complex polyatomic, in particular hydrocarbon, molecules [15] [16] [17] [18] [41] [42] [43] [44] [53] [54] [55] in strong laser fields. 
